We investigated associations between ambient air pollution and microvessel function measured by peripheral arterial tonometry between 2003 and 2008 in the Framingham Heart Study Offspring and Third Generation Cohorts. We measured particulate matter with aerodynamic diameter ≤2.5 µm (PM 2.5 ), black carbon, sulfates, particle number, nitrogen oxides, and ozone by using fixed monitors, and we determined moving averages for 1-7 days preceding vascular testing. We examined associations between these exposures and hyperemic response to ischemia and baseline pulse amplitude, a measure of arterial tone (n = 2,369). Higher short-term exposure to air pollutants, including PM 2.5 , black carbon, and particle number was associated with higher baseline pulse amplitude. For example, higher 3-day average PM 2.5 exposure was associated with 6.3% higher baseline pulse amplitude (95% confidence interval: 2.0, 10.9). However, there were no consistent associations between the air pollution exposures assessed and hyperemic response. Our findings in a community-based sample exposed to relatively low pollution levels suggest that short-term exposure to ambient particulate pollution is not associated with vasodilator response, but that particulate air pollution is associated with baseline pulse amplitude, suggesting potentially adverse alterations in baseline vascular tone or compliance. air pollutants; endothelium, vascular; particulate matter; vascular diseases Abbreviations: CI, confidence interval; EPA, Environmental Protection Agency; PAT, peripheral arterial tonometry; PM 2.5 , particulate matter with aerodynamic diameter ≤2.5 µm; SD, standard deviation.
Short-term exposure to ambient air pollutants has been associated with death (1, 2) and cardiovascular morbidity, including myocardial infarction (3, 4) , heart failure (5), and stroke (5, 6) . It has been postulated that the short-term adverse effects of particulate matter exposure may be mediated by induction of abnormal vascular responses characterized by reduced endothelium-mediated vasodilation and vessel constriction. In some (7, 8) , but not all (9-11) controlled human exposure experiments, acute exposure to air pollution has been associated with impaired endothelial vasodilator function in the brachial artery. Prior observational studies evaluating short-term air pollution exposure and endothelial function have had mixed findings. In a previous study in the Boston, Massachusetts, area, short-term exposure to air pollution was associated with lower brachial artery flow-mediated dilation only in patients with type 2 diabetes (12) . In the Multi-Ethnic Study of Atherosclerosis, short-term exposure to particulate matter was not associated with resting brachial artery diameter or flow-mediated vasodilation (13) .
Peripheral arterial tonometry (PAT) is a novel measure of microvascular vasodilator function that depends in part on endothelial-derived nitric oxide. The PAT hyperemic response has demonstrated predictive value for ischemic heart disease (14) and adverse cardiac events (15) . Several prior studies have investigated how modulating air pollution exposure might affect the hyperemic response as measured by PAT. Improved PAT hyperemic response was observed after air filtration for 7 days in a study of individuals exposed to wood smoke (16) and after 48 hours in a second study of elderly participants in an urban environment (17) . Experimental studies using human exposure chambers reported no effect of particulate matter, wood smoke, or ozone exposure on the PAT hyperemic response (18) (19) (20) . In contrast to the null results seen for experimental exposure, Pope et al. (20) reported associations between the preceding 2 days of ambient PM 2.5 exposure and decreased digital vasodilator responses. In the present study, we aimed to investigate whether short-term ambient air pollutant exposures are associated with vascular function as measured by PAT in a large community-based cohort.
METHODS

Study sample
The study included participants enrolled in the Offspring and Third Generation Cohorts of the Framingham Heart Study. The study design has been described previously (21, 22) . PAT examinations began in 2003 and were performed in the eighth cycle of data collection in the Offspring Cohort (in [2005] [2006] [2007] [2008] and were added partway through the first cycle of the Third Generation Cohort (in 2003-2005) . All participants provided written informed consent for the Framingham Heart Study examinations, and both the committee on clinical investigation at Beth Israel Deaconess Medical Center and the institutional review board at Boston University Medical Center approved this work. Of the eligible study participants in the Offspring Cohort (n = 2,915) and Third Generation Cohort (n = 2,217), 685 participants were excluded because of participant refusal, anatomical reasons such as mastectomy or limb abnormality, Raynaud's disease, latex allergy, technically inadequate studies, and other reasons, leaving a total of 4,447 PAT examinations. Six observations were excluded because the digital vascular measurements were performed on different dates than the study visits. We further excluded 2,072 study participants with primary residential addresses located more than 50 km from the Harvard Air Pollution Monitoring Supersite, located approximately 1 mile (1.6 km) from downtown Boston, Massachusetts. As a result, 2,369 participants were included for analysis.
Digital vascular function measurements
Digital pulse amplitude was measured as previously described (23) . In short, by using a PAT device (Endo-PAT2000, Itamar Medical. Ltd., Caesarea, Israel) on the tip of each index finger, we electronically measured pulse volume changes and expressed them as pulse amplitude. Baseline pulse amplitude was measured in the fingertips of both hands for 2 minutes and 20 seconds. Ischemia was induced by an inflated forearm cuff at 250 mm Hg on 1 arm for 5 minutes. The ratio of the postdeflation pulse amplitude (90-120 seconds after deflation) to the baseline pulse amplitude of the same finger was calculated and divided by the ratio of the pulse amplitude measured in the control finger during the same interval to the baseline pulse amplitude of the control finger, producing the "PAT ratio." For analyses, we used the natural logarithm of both the PAT ratio and the mean baseline pulse amplitudes from each finger. A lower PAT ratio indicates impaired hyperemic response to ischemia.
Air pollution and meteorological variables
Levels of ambient air pollutants were measured continuously at the Harvard Air Pollution Monitoring Supersite to reflect urban background levels. This site is on the rooftop of the Francis A. Countway Library of Medicine, 5 stories above ground level and 50 m from the nearest street. Daily means were computed using hourly data from 9 AM to 9 AM. PM 2.5 was measured using a tapered-element oscillating microbalance (Model 1400A, Rupprecht & Patashnick Co. Inc., Albany, New York), and black carbon was measured using an Aethalometer (model AE-16, Magee Scientific Corp., Berkeley, California) on the basis of optical transmittance at a single wavelength (λ = 880 nm). Daily sulfate concentrations were calculated from elemental sulfur measured by x-ray fluorescence analysis of the PM 2.5 filter samples. On days when sulfur measurements were not available, daily sulfate concentrations were determined by using a sulfate analyzer (Model 5020, Thermo Electron Corp., Franklin, Massachusetts). Hourly particle number concentrations (number of particles per cm 3 on filter sample) were measured with a condensation particle counter (Model 3022A, TSI, Inc., Shoreview, Minnesota). Hourly concentrations of the gaseous pollutants ozone and nitrogen oxides were measured by local state monitors located within the Greater Boston area, and exposures were estimated by averaging data from the available sites (24) . Finally, hourly temperature and relative humidity data were obtained from the Logan International Airport (Boston, Massachusetts) weather station, located 12 km from the central monitoring site.
Statistical methods
We assessed 1-, 2-, 3-, 5-, and 7-day moving averages of PM 2.5 mass, black carbon, particle number, sulfate, nitrogen oxides, and ozone prior to PAT examinations. We fit multivariable linear regression models for each pollutant's moving average as a linear term. Prevalent individual-level covariates that were expected to confound or be associated with the outcome were added to the model, including age (linear and quadratic term); sex; body mass index (weight (kg)/height (m) 2 ); cohort (Offspring or Third Generation); smoking status (current, former, or never smoker); systolic blood pressure (mean of 2 measurements taken by the physician administering the clinical examination); diabetes mellitus (defined as having a fasting blood glucose level ≥126 mg/dL, reporting antidiabetic medication use at an examination, or having any previous history of diabetes (excluding gestational diabetes); triglyceride level; ratio of total cholesterol to high-density lipoprotein; educational level (no high school degree, high school degree, some college education, or college degree); and quartile of median household income in the participants' residential census tracts from the 2000 US Census. Because regular uses of antihypertensive and statin medications were highly collinear, we used a combined indicator variable for these. We also adjusted for season by modeling the sine and cosine of the day of year, linear time trend using date of examination, day of week, temperature, relative humidity, and the cross-product term of ambient temperature and relative humidity.
Recognizing that systolic blood pressure could also be a mediator, we ran models without adjustment for systolic blood pressure in sensitivity analyses. Furthermore, to explore associations within current US Environmental Protection Agency (EPA) standards, we excluded days exceeding the EPA National Ambient Air Quality Standard for 24-hour PM 2.5 of 35 μg/m 3 . Additional sensitivity analyses included exclusion of current smokers and exploration of nonlinear associations by fitting restricted natural cubic splines of 2-and 3-day moving average pollutant exposures using Harrell's cut-points for 5 knots (5%, 27.5%, 50%, 72.5%, and 95%). Visual representation was used to assess departure from linearity. Furthermore, we compared the results after restricting analysis to the participants who resided 40 km or less from the Harvard Air Pollution Monitoring Supersite monitor.
Previous studies have indicated differences in cardiovascular susceptibility to air pollution exposures by sex and diabetes status (13, 25) and differences in associations with air pollution exposure for other vascular outcomes by use of antihypertensive (26) and statin (27) medications. These medications have demonstrated associations with microvascular function as measured by PAT (23, 28, 29) . In secondary analyses, we explored interactions by age, sex, diagnosis of diabetes, and regular use of antihypertensive or statin medication. We used cross-product terms of a continuous variable for 2-day moving averages of PM 2.5 , our primary air pollutant, and a binary indicator variable for age (≤65 vs. >65 years), sex, diabetes diagnosis, and antihypertensive or statin medication use.
For comparability with other studies, we expressed the associations of air pollution with baseline pulse amplitude and PAT ratio as the percent change in outcome per 5 µg/m 3 for PM 2.5 , 0.4 µg/m 3 for black carbon, 15,000 particles/cm 3 for particle number, 2 µg/m 3 for sulfate, and 0.01 ppm for nitrogen oxides and ozone. Incremental units approximated the interquartile range of each pollutant. We used an estimation approach in our analyses of correlated pollutants and moving averages and did not use a prespecified α level to conduct formal hypothesis testing. All estimates are, therefore, presented with 95% confidence intervals. We present P values for tests of homogeneity (the cross-product terms) and consider P values of less than 0.05 as suggestive of interaction. The GLM procedure in SAS, version 9.3, software (SAS Institute, Inc., Cary, North Carolina) was used for all main analyses. Nonlinear analyses (using splines) were performed using Stata, version 13, software (StataCorp LP, College Station, Texas).
RESULTS
Study participants
There were similar numbers of men and women. The mean body mass index value was in the overweight category (Table 1 ). Average systolic blood pressure level was normal, although 39% of the participants used antihypertensive medication. The majority of participants were either previous or current smokers and were highly educated, with more than 70% having attended college.
Air pollution and meteorological variables
Mean air pollutant concentrations 1 day preceding PAT examinations were relatively low with a fair amount of variability (Table 2) . During the entire study period, only 3 of the 7 days prior to vascular testing exceeded the EPA National Ambient Air Quality Standard for 24-hour PM 2.5 (affecting 21 observations). Sulfate had the largest portion of missing data (15% missing 1-day averages). Spearman's rank correlation coefficients (Table 3) showed that PM 2.5 was most strongly correlated with sulfate and black carbon. Slightly weaker correlations were observed between black carbon and nitrogen oxides. Particle number was negatively correlated with all pollutants except nitrogen oxides. Temperature showed weak correlation with all pollutants, with the exception of particle number, to which it was strongly negatively correlated. The correlation coefficients between 2-day moving averages of PM 2.5 and other averaging periods (from 1 to 7 days) ranged from 0.63 to 0.91. There was very little variation in the interquartile ranges among averaging times.
Associations between air pollutants and PAT ratio
The mean PAT ratios were 0.57 (standard deviation (SD), 0.38) for men and 0.83 (SD, 0.40) for women. No consistent pattern of association was evident between averaging periods of PM 2.5 , black carbon, particle number, sulfate, and nitrogen oxides and hyperemic response ( Figure 1A ). Ozone showed a weak pattern of associations with lower PAT ratio for 1-to 3-day moving averages. For longer moving averages of PM 2.5, sulfate, and ozone, we observed unexpected higher PAT ratios with higher exposure.
Associations between air pollutants and baseline pulse amplitude
The mean logs of baseline pulse amplitude in the full sample were 6.1 (SD, 0.76) for men and 5.2 (SD, 0.81) for women. Overall, we observed patterns of association suggesting that higher air pollutant exposure in the 2-5 days preceding vascular testing was associated with higher baseline pulse amplitude. A 5-μg/m 3 higher 2-or 3-day average of PM 2.5 was associated with 5.9% (95% confidence interval (CI): 1.9%, 10.0%) and 6.4% (95% CI: 2.0%, 10.9%) higher baseline pulse amplitudes, respectively. The magnitude of the associations decreased after 3-day moving averages of PM 2.5 ( Figure 1B ). Higher 2-and 3-day exposures to black carbon demonstrated similar patterns of association as for PM 2.5 . Higher particle numbers were consistently associated with higher baseline pulse amplitude for several moving averages, with the strongest estimates for 5-day (18.2% higher per 15,000 particles/cm 3 , 95% CI: 8.9%, 28.2%) and 7-day (18.4% higher, 95% CI: 8.9%, 28.7%) moving averages.
Sensitivity analyses
None of the results was materially altered in models that either excluded the 3 days when air pollution levels exceeded the EPA National Ambient Air Quality Standard for 24-hour PM 2.5 (Web Figure 1 , available at http://aje. oxfordjournals.org/) or did not adjust for systolic blood pressure (Web Figure 2) , a potential intermediate variable; nor were the results altered in models that excluded participants who were current smokers (Web Figure 3) . There was no consistent evidence of nonlinear associations between air pollution exposures and PAT ratio (Web Figure 4) . Associations between particle number and ozone and baseline pulse amplitude were linear. Other pollutants demonstrated steeper linear slopes with lower levels of these pollutants, where the majority of the observations lay, and less steep slopes with higher levels of these pollutants (Web Figure 5) . 
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Restriction to a 40-km catchment area did not materially change associations.
Secondary analyses
We found no evidence that the associations between 2-day moving averages of PM 2.5 and PAT ratio and baseline pulse amplitude varied by participant sex or diabetes status (all P values for interaction > 0.10). Lower PAT ratios were observed in participants 65 years of age and younger, as well as participants who were not taking antihypertensive or statin medication (difference in PAT ratio per 5-μg/m 3 of PM 2.5 for participants ≤65 years of age = −2.4% (95% CI: −4.5%, −0.16%); difference in PAT ratio per 5-μg/m 3 of PM 2.5 for nonmedicated participants = −2.5% (95% CI: −4.9%, −0.06%), P for interaction = 0.02 and 0.07, respectively). No association was observed in participants over age 65 years or in those taking antihypertensive or statin medication (1.8%, 95% CI: −1.4%, 5.1% and 0.5%, 95% CI: −2.1%, 3.2%, respectively). Both variables were highly correlated (Spearman's ρ = 0.57). Age, sex, diabetes diagnosis, and use of antihypertensive or statin medication did not modify associations between 2-day moving average of PM 2.5 and baseline pulse amplitude (all P values for interaction > 0.10).
DISCUSSION
In our large community-based study, short-term exposure to particulate air pollution was not associated with PAT ratio, a measure of hyperemic response to shear stress in the digital vascular bed that is partly endothelium dependent (30) . Interestingly, short-term exposures to several pollutants were associated with higher baseline pulse amplitude in the finger circulation. These findings suggest that short-term air pollutant exposure does not impair microvessel vasodilator responses. The observations with baseline pulse amplitude indicate the possibility that higher air pollution exposure over a period of days increases resting pulsatility at air pollution levels within EPA standards.
In larger conduit arteries such as the brachial artery, shortterm exposures to PM 2.5 , sulfate, and black carbon have been associated with vasodilatory response in some (12, 31) but not all studies (13) . PAT ratio, however, is a measure of small-vessel vasodilator response that also relates to clinical outcomes (14, 15, 32) . Prior studies investigating associations between short-term exposure to particulate pollution and PAT have been limited to small, controlled-exposure studies or air filtration intervention studies and focused solely on the hyperemic response (i.e., PAT ratio) (16) (17) (18) (19) (20) . Improvements in PAT ratio have been demonstrated in interventional crossover studies by reducing household particulates with filters (16, 17) . In contrast, controlled exposure to particulate matter from traffic (18) , coal (20) , or wood smoke (19, 20) was not associated with PAT ratio.
The lack of associations observed between air pollutant exposures and small-vessel vasodilator response in our study may reflect a true null effect. Several other explanations are also possible. Small vessels may have different physiological properties than brachial arteries (28) and may be less affected by air pollution exposure than has been previously reported for brachial arteries in some (12, 31) but not all studies (13) . Exposure distributions and sources may also differ among studies. However, the mean levels observed in our study are only slightly lower than those of other studies investigating PAT ratio, and we did not account for potentially different associations by mixtures or sources of air pollution. We observed unexpectedly higher PAT ratios with higher PM 2.5 and sulfate for longer moving averages. It is unclear whether this represents a compensatory mechanism and should be confirmed in other data sets. Results from subgroup analyses suggested that the associations with PAT ratio were not explained by factors such as current smoking status, sex, or diagnosis of diabetes, although there was some indication that younger individuals and participants not taking antihypertensive or statin medication were more susceptible. Age and medication status were highly correlated and, in the absence of randomization, we cannot disentangle medication effects from different baseline characteristics associated with medication use or age.
Our results with acute air pollutant exposure and baseline pulse amplitude are intriguing. Resting pulse amplitude reflects digital blood flow and sympathetic tone. Treatment with phenylephrine, a vasoconstrictive agent, has been shown to reduce baseline pulse amplitude (30) . Acute increases in sympathetic tone during ischemia also reduce baseline pulse amplitude. In cross-sectional studies, several cardiovascular risk factors relate to higher baseline pulse amplitude (23, 28) . Prior short-term air pollution studies have not reported the effects on baseline pulse amplitude or blood flow. We found that several measures of air pollution, including particle number, PM 2.5 , and black carbon, showed a time-dependent association with higher baseline pulse amplitude, suggesting that air pollutants may induce altered small-vessel tone or increase peripheral blood flow. The time-dependent patterns of association were similar for PM 2.5 and black carbon but different for particle number, possibly reflecting different sources and dispersion patterns. Ultrafine particles, the main determinant of particle number, are predominately freshly generated combustion particles with a high ratio of surface area to volume, increasing their potential for reactivity (33) , and they are predominantly emitted from local traffic. Therefore, this metric may be a marker of mixtures of air pollution containing local emissions from traffic and/or oil or wood burning or specifically implicate ultrafine particles, constituting the majority of the particle numbers. These small particles, which are distributed to the alveoli, have been hypothesized to be especially toxic because of their high ratio of surface area to volume (34) . PM 2.5 consists of primary and secondary species associated with local and regional sources. Black carbon is a light-absorbing component of particulate matter formed by the incomplete combustion of carbon-containing fuels. Both pollutants are markers of local emissions but with a sizable contribution of regional emissions, particularly for PM 2.5 . Previous studies have also reported associations between short-term exposure to black carbon and related vascular outcomes such as retinal microvascular dysfunction (35) and decreased brachial artery diameter (12) .
Associations between other pollutants and baseline pulse amplitude demonstrated less consistent patterns. This may indicate that regional particulate pollution, represented by sulfate, is not strongly associated with microvascular tone. Various components of local traffic pollution, such as particle number and nitrogen oxides, may also have different associations with baseline pulse amplitude. Nitrogen dioxide, 1 of the 2 gases measured as nitrogen oxides (nitrogen oxides = nitrogen dioxide + nitric oxide), did not demonstrate effects on forearm blood flow in a study of controlled exposure, which is consistent with our results (36) .
Finally, we found that the associations between PM 2.5 and baseline pulse amplitude were similar for men and women regardless of age or diabetes diagnosis. Although participants not taking antihypertensive or statin medication showed stronger associations with greater baseline pulse amplitude than those taking these medications, the interaction was not significant.
Our study has several limitations. The use of stationary monitors to estimate daily exposure to air pollutants for participants with primary addresses within 50 km of the central monitoring site likely introduces some degree of Berkson and classical measurement errors, which will result in wider confidence intervals, reduced statistical power, and some bias toward the null, especially for particle number, which shows more spatial heterogeneity (37) . However, the majority of the short-term variation in the pollutants of interest in this study was contributed by temporal variation rather than spatial variation in the study region, and results were similar when restricting the catchment area to within 40 km of the central site. Earlier studies in Boston have shown that PM 2.5 concentrations measured at the central site are strong proxies for personal exposure to ambient PM 2.5 (38) . In sensitivity analyses, we observed a degree of nonlinear association between PM 2.5 , black carbon, sulfate, and nitrogen oxides and baseline pulse amplitude with steeper slopes at low ranges of exposure and less steep slopes at higher ranges, possibly indicating a log-linear relationship. However, we had few data for higher levels of these pollutants. The study participants were almost all of non-Hispanic white origin, which limits the generalizability of the results to other races or ethnic groups. In addition, the observational and descriptive design of the study included a number of comparisons and precludes us from establishing causal associations.
Our study has several notable strengths. The Framingham Heart Study Cohorts offer the advantage of a large-scale, community-based observational study with a standardized protocol. Our results were adjusted for a robust set of potential confounders and predictors of microvascular function using the rich data incorporated in the Framingham Heart Study. PAT also has the advantage of yielding noninvasive measurements of microvessel function with little operator dependence. Finally, the outcome assessment data were collected independently and by investigators who were blinded to the air pollution measurements.
We found no associations between short-term exposure to ambient particulate pollution and PAT ratio. Our findings suggest that short-term air pollution is not associated with microvessel vasodilator function. However, we observed associations between PM 2.5 , black carbon, and particle number levels and baseline pulse amplitude. Local combustion sources, such as traffic or domestic heating, rather than regional particulate pollution, may be more important exposures for resting microvascular tone, possibly modulating blood flow, compliance, and sympathetic tone in the digital vascular circulation.
